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A B S T R A C T
We analyze trends in temperature from 18 temperature stations and one upper air sounding site at 30°–35° S in
central Chile between 1979–2015, to explore geographical and season temperature trends and their controls,
using regional ocean-atmosphere indices. Signiﬁcant warming trends are widespread at inland stations, while
trends are non-signiﬁcant or negative at coastal sites, as found in previous studies. However, ubiquitous warming
across the region in the past 8 years, suggests the recent period of coastal cooling has ended. Signiﬁcant warming
trends are largely restricted to austral spring, summer and autumn seasons, with very few signiﬁcant positive or
negative trends in winter identiﬁed. Autumn warming is notably strong in the Andes, which, together with
signiﬁcant warming in spring, could help to explain the negative mass balance of snow and glaciers in the region.
A strong Paciﬁc maritime inﬂuence on regional temperature trends is inferred through correlation with the
Interdecadal Paciﬁc Oscillation (IPO) index and coastal sea surface temperature, but the strength of this inﬂu-
ence rapidly diminishes inland, and the majority of valley, and all Andes, sites are independent of the IPO index.
Instead, valley and Andes sites, and mid-troposphere temperature in the coastal radiosonde proﬁle, show cor-
relation with the autumn Antarctic Oscillation which, in its current positive phase, promotes subsidence and
warming at the latitude of central Chile.
1. Introduction
Central Chile (30°–35° S) has a semi-arid Mediterranean climate,
with the majority of precipitation falling in the winter half of year,
which accumulates as snow in the Andes mountains above 2500m
(Falvey and Garreaud, 2007). Summers are characterized by low hu-
midity, intense solar radiation and little rainfall at low elevations, al-
though convective storms can produce signiﬁcant precipitation in the
high Andes (Pellicciotti et al., 2008; Viale and Garreaud, 2014). Cli-
matic conditions show marked transitions with increasing distance from
the coast, due to a decrease in the maritime inﬂuence from the Paciﬁc
Ocean, and the eﬀects of topography (Garreaud, 2009). The combined
inﬂuence of the cool Paciﬁc Ocean and topographic barriers creates a
persistent inversion layer in the lowest few hundred meters of the at-
mosphere (Aceituno et al., 1993; Falvey and Garreaud, 2009; Rutllant
et al., 1995). Flows in lowland rivers, which are crucial for the region's
economy, are heavily dependent on snow and glacier runoﬀ in the
summer and autumn months (Bravo et al., 2017).
Previous studies have identiﬁed spatial and temporal trends in
temperature and precipitation in Chile over recent decades.
Temperature rose signiﬁcantly during the mid to late 20th century in
coastal locations between 18 and 33°S (Rosenblüth et al., 1997), but
then started to decrease, with a cooling trend up to−0.20 °C decade−1
dominating over the past 20–30 years (Falvey and Garreaud, 2009).
This trend reversal has been attributed to a shift to a negative phase of
the Interdecadal Paciﬁc Oscillation (IPO) (Vuille et al., 2015); itself
inferred to be a consequence of global warming by a recent modeling
study (Falvey and Garreaud, 2009). In contrast to the coastal cooling,
inland Chile has experienced positive temperature trends in recent
decades, at variable rates dependent on elevation (Falvey and
Garreaud, 2009; Vuille et al., 2015), most likely due to anthropogenic
climate warming (Vuille et al., 2015).
Annual temperature data may hide important contrasts in seasonal
temperature trends. Cohen et al. (2012), for example, identiﬁed winter
cooling over large parts of the extratropical northern hemisphere land
surface since 1999, contrasting with warming trends in the other sea-
sons. Vicente-Serrano et al. (2018) found a general warming trend in
surface air temperature through Peru, identifying seasonal and spatial
variations. Global and regional studies have recognized that seasonal
changes in extremes of temperature often have high impacts on
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agriculture and hydrology (Alexander et al., 2006; Cortés et al., 2011;
Menzel et al., 2006; Orlowsky and Seneviratne, 2012). In central Chile,
glacier and snowpack mass balance and runoﬀ may be sensitive to
seasonal temperature changes. Hence, there is a need to conduct sea-
sonally-disaggregated analyses to properly understand the impacts of
climatic changes on the region's hydrology, which is heavily dependent
on snow accumulation in the winter, and runoﬀ from snow and ice melt
during the arid summer months. Despite the potential importance of
seasonal trends, to our knowledge, no seasonal analyses of recent cli-
mate change in central Chile have been conducted.
To address this shortcoming, the aim of this paper is to improve
understanding of oceanic and topographic inﬂuences on spatial patterns
of climatic change in central Chile, and in particular, how dominant
modes of ocean–atmosphere circulation can result in contrasting sea-
sonal temperature trends. We address this aim through (1) an analysis
of seasonal and annual temperature trends in central Chile since 1979,
in coastal, central valley and Andes geographical zones; and (2) eval-
uating the underlying drivers of climate trends through changes in at-
mospheric-oceanic circulation, quantiﬁed by the IPO and Antarctic
Oscillation (AAO) indices, sea surface temperature, elevation and
proximity to the Paciﬁc coast. We focus on central Chile 30–35° S, as
the most populous and economically important region of the country,
where summer runoﬀ from glacier and snow melt in the Andes is of
vital importance to lowland ﬂows of the major Aconcagua, Mapocho
and Maipo river basins in the summer and autumn months. The period
of analysis is from 1979 to 2015 due to the availability of extensive and
reliable data for many ground stations in this period. We analyze data
from 18 stations along a 200 km longitudinal corridor from coast to
Andean cordillera centered on the heavily populated metropolitan re-
gion (30–35° S). This minimizes latitudinal climatic inﬂuences and
better isolates the roles of Paciﬁc Ocean–atmosphere circulation and
anthropogenic warming, and their modulation by topography and
proximity to ocean, in seasonal and spatial patterns of climate change.
Station data are augmented with atmospheric soundings from the
Quintero/Santo Domingo radiosonde sites. Two high elevation
(> 2400m above sea level, a.s.l.) stations enable us to identify tem-
perature trends in the Andes compared to locations further to the west,
to highlight important implications for the sustainability of snow and
glacier water resources in the region.
2. Study area, data set and quality control
Two sources of temperature data are used in this study, covering the
period between 1979 and 2015: observations at surface temperature
stations (Table 1) and the radiosonde record from Quintero/Santo
Domingo. Daily maximum and minimum surface temperature data
were obtained from two National agencies: The Chilean water authority
(Dirección General de Aguas, DGA) and the weather service (Dirección
Meteorológica de Chile, DMC).
To analyze geographical patterns, stations within 18 km of the coast
are referred to as “coastal”, locations above 2000m a.s.l. are referred to
as “Andes” while all other sites are referred to as “valley” locations.
2.1. Quality control
From the 102 stations available in the area between 30° and 35°S in
Chile, only 18 stations have at least 34 years of data with< 15% of data
missing in each year. Monthly means were calculated only for months
with> 85% data per month. Data gaps were ﬁlled and data quality
control applied using the following methods:
- Missing values. These were estimated from linear regression using
reference series obtained from up to 5 neighboring stations sig-
niﬁcantly correlated with the candidate series. When no neigh-
boring stations were available within 60 km of the candidate site,
the station was discarded from the analysis.
- Outliers. Values outside the range of 3 standard deviations (std)
around the climatological mean of the value for the day were de-
ﬁned as outliers, and were removed.
- Internal consistency. To ensure internal consistency in the tem-
perature series, we tested that no maximum was lower than the
minimum temperature of the previous day, (Hunziker et al., 2017),
no inconsistency were found.
- Homogeneity. The standard normal homogeneity test (SNHT) de-
veloped by (Alexandersson, 1986; Alexandersson and Moberg,
1997) was applied to detect inhomogeneities, supplemented by vi-
sual inspection. As no metadata are available for these stations, the
test was applied at 5% of signiﬁcance. Detected inhomogeneities
were treated using the same method as for missing values.
2.2. Trends calculation
Annual and seasonal trends in daily mean, maximum and minimum
temperature were calculated using temperature anomalies, relative to
the 1979–2010 mean temperature. The seasonal trends were calculated
for temperature seasons: summer (December–February), autumn
(March–May), winter (June–August), spring (September–November).
The summer season was considered as commencing in December of the
previous year, starting from December 1978.
As maximum and minimum temperature exhibit non-normal dis-
tributions, the non- parametric Mann-Kendall test (Kendall, 1938), was
used to estimate the trends. To remove potential autocorrelation in the
temperature time series, the methodology proposed by (Yue et al.,
2002) was used. This approach has been successfully applied in pre-
vious hydro-meteorological studies, for example Cortés et al. (2011)
and Hunziker et al. (2017). The procedure termed “Trend Free Pre-
Whitening” (TFPW), involves the removal of the lag-1 autocorrelation
for every time series showing signiﬁcant autocorrelation. Finally, trends
were tested, using the Kendall's tau based slope estimator (Sen, 1968),
trends and correlations shown are considered statistically signiﬁcant at
the 5% level.
2.3. Quintero/Santo Domingo radiosonde record
Daily atmospheric soundings in central Chile are available since
1958, from the station located in Quintero (32°47′S, 71°33′W, 8m
a.s.l.), which was moved in 1999 to a new location at Santo Domingo
(33°38′S, 71°18′W, 77m a.s.l.). The soundings are launched twice a day
(00 and 12 UTC), however, since soundings at 00 UTC are infrequent,
only soundings at 12 UTC (08 local time) were used. Variables are
Table 1
Details of temperature stations used in the analyses. Sites are shown in Fig. 1 with their
respective ID number.
ID Name Latitude Longitude Elevation [m a.s.l.]
1 Rivadavia −29.98 −70.56 820
2 La Ortiga −30.19 −70.48 1560
3 La Laguna Embalse −30.20 −70.04 3160
4 Paloma Embalse −30.70 −71.04 320
5 Illapel −31.65 −71.19 290
6 La Tranquilla −31.90 −70.67 1000
7 Vilcuya −32.86 −70.47 1100
8 Lliu-Lliu Embalse −33.10 −71.21 260
9 Lago Peñuelas −33.15 −71.56 360
10 Cerro Calán −33.40 −70.54 848
11 Los Panguiles −33.44 −71.03 190
12 Pirque −33.67 −70.59 659
13 El Yeso Embalse −33.68 −70.09 2475
14 La Serena −29.92 −71.20 142
15 Quinta Normal Santiago −33.45 −70.68 527
16 Curicó −34.97 −71.22 225
17 Pudahuel Santiago −33.39 −70.79 482
18 Tobalaba −33.45 −70.55 650
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Fig. 1. The area of study in central Chile.
Temperature stations are shown as black cir-
cles and blue squares mark radiosonde launch
sites; glaciers area represented in blue shading.
The background image is the SRTM DEM of
February 2000. See Table 1 for full station
names and site details. (For interpretation of
the references to colour in this ﬁgure legend,
the reader is referred to the web version of this
article.)
Fig. 2. Mean temperature (Tmean) trends (left panel) and daily temperature range (right panel) between 1979 and 2015. Signiﬁcant warming trends are shown with red up pointing
triangles and non-signiﬁcant trends with black dots. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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recorded at pressure levels, therefore, temperature data were hydro-
statically interpolated onto a 100m heights for use in this study. Owing
to the shift of the launch site from Quintero to Santo Domingo in August
1999, temperature data after the move were adjusted using the diﬀer-
ence between the mean of the 1979–1998 and 2000–2015 periods. The
same methodology was applied by Rusticucci et al. (2014) to construct
the winter 0 °C isotherm series with the same stations.
Finally, anomalies were calculated with respect to the 1979–2010
mean. The linear trend of annual mean temperature was calculated
using least squares regression. The trend analysis was performed be-
tween elevations of 100m and 6000m covering the troposphere up to
the elevation of the highest Andes summits in the region.
2.4. Analysis using regional ocean-atmosphere climatic indices
In order to evaluate potential drivers of observed temperature
variability and trends in the study area, we analyzed the relationship
with 2 regional ocean–atmosphere variability indices and sea surface
temperature: (1) The Interannual Paciﬁc Oscillation (IPO) index, which
is a key index of multidecadal variability of the sea surface tempera-
tures (SSTs) in the Paciﬁc, covering diﬀerent areas across the entire
Paciﬁc (Henley et al., 2015; Power et al., 1999; Salinger et al., 2001).
The IPO series was provided by NOAA (http://www.esrl.noaa.gov/psd/
data/timeseries/IPOTPI/). (2) The Antarctic Oscillation (AAO), also
known as Southern Hemisphere Annular Mode (SAM), which is the lead
index for the high latitude variability in the Southern Hemisphere,
calculated as the ﬁrst leading mode from the empirical orthogonal
function (EOF) analysis of monthly mean height anomalies at 700 hPa
(Gong and Wang, 1998); provided by NOAA (http://www.cpc.ncep.
Fig. 3. Maximum temperature (left panel) and minimum temperature (right panel) trends between 1979 and 2015. Signiﬁcant warming trends are shown with red up pointing triangles,
while cooling trends are shown with blue down pointing triangles. Non-signiﬁcant trends are identiﬁed with black dots. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
Fig. 4. Time series of annual temperature anomalies for geographical zones in central
Chile, calculated with respect to the mean for the 1979 to 2010 reference period. (a)
Andes, using Yeso Embalse (ID 13), (b) valley, using stations (ID 11-15-16-17-18), (c)
coast, using La Serena Station (ID 10).
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noaa.gov/products/precip/CWlink/daily_ao_index/aao/aao.shtml). (3)
Sea Surface temperature in Valparaiso (33.04°S, 71,61°W), was pro-
vided by the Chilean Navy Hydrographic and Oceanographic service
(SHOA) http://www.shoa.cl/cendhoc/TSM_Datos/Valparaiso.txt.
3. Results
3.1. Temperature changes
3.1.1. Annual temperature trends in station data
Signiﬁcant positive trends in mean annual temperature between
1979 and 2015 are identiﬁed at six valley sites, mainly in the me-
tropolitan district and around Vilcuya (32°S) and at the most southerly
site of Curicó (35°S), but trends are non-signiﬁcant at all other sites
(Fig. 2). Signiﬁcant positive trends in annual maximum temperature
(Fig. 3) are found at most of the sites except Yeso Embalse in the Andes
and the coastal stations, with a signiﬁcant maximum temperature
cooling trend recorded on the coast at La Serena (around 30°S). In
contrast, annual minimum temperature exhibits signiﬁcant warming
only in the Metropolitan Santiago area, while four valley sites at a range
of latitudes show signiﬁcant cooling trends, with non-signiﬁcant trends
in minimum temperature recorded at remaining sites (Fig. 3).
There is a general pattern of maximum temperatures rising faster
than minimum temperatures at valley sites outside of Metropolitan
Santiago, signiﬁcantly increasing daily temperature amplitude. In
contrast, on the coast, the decreasing trend of maximum temperature at
La Serena has resulted in a decrease in daily temperature range.
Whereas signiﬁcant warming trends between 1979–2015 are
Fig. 5. Mean temperature trends per season be-
tween 1979 and 2015. Signiﬁcant warming trends
are shown with red up pointing triangles, and
signiﬁcant cooling trends are shown with blue
down pointing triangles, while non-signiﬁcant
trends are identiﬁed with black dots. (For inter-
pretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of
this article.)
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restricted to a few valley sites, all sites in the study region show sig-
niﬁcant warming between 2007 and 2015, including the coastal sta-
tions, at a mean rate of 1.1 °C decade−1 (Fig. 4). Indeed, 2015 was the
warmest year on record in Santiago (Fig. 4) and globally (NOAA).
3.1.2. Seasonal temperature trends in station data
Signiﬁcant warming trends are widespread at valley and Andes sites
in the autumn, particularly for mean and maximum temperatures
(Figs. 5 and 6). Signiﬁcant warming trends in mean and maximum
temperature are also identiﬁed at several valley and Andes sites in
summer and spring. Warming trends in minimum temperature are re-
stricted to a few valley, and one Andes, sites in spring, summer and
autumn, with signiﬁcant cooling trends in minimum temperature
identiﬁed at some valley sites in spring, summer and autumn. In con-
trast to valley and Andes sites, which are dominated by warming trends,
the coastal sites exhibit cooling, or non-signiﬁcant temperature trends
in all seasons (Figs. 5, 6 and 7). It is notable that the winter season
exhibits few signiﬁcant trends compared with other seasons, with only
2 sites (both valley) showing signiﬁcant warming trends in mean and
maximum temperature.
3.1.3. Annual and seasonal trends in radiosonde temperature
Annual temperature anomalies at El Yeso (2475m a.s.l.) are sig-
niﬁcantly correlated with radiosonde annual temperature anomalies at
2400m and 4000m (p < .05; r= 0.76 and r= 0.67 respectively,
Fig. 8a). The close agreement in the pattern of ground and atmosphere
temperature anomalies throughout the time series lends conﬁdence to
the correction applied in this study (Section 2.4) to account for the
change in radiosonde launch site in 1999. Interannual variations in the
0 °C (zero-degree) isotherm altitude (ZIA) are of the order of 10s–100s
Fig. 6. Maximum temperature trends per season
between 1979 and 2015. Signiﬁcant warming
trends are shown with red up pointing triangles,
and signiﬁcant cooling trends are shown with
blue down pointing triangles. Non-signiﬁcant
trends are identiﬁed with black dots. (For inter-
pretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version
of this article.)
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of m (Fig. 8b). Over the 1979–2015 period, there is a non-signiﬁcant
trend in annual or seasonal ZIA (not shown). Fig. 8b shows also the
clear shift of mid 1970s, attributed of Paciﬁc variability (Fig. 10a) and
studied by Jacques-Coper and Garreaud (2014).
Over the 1979–2015 period annual mean tropospheric temperatures
show a signiﬁcant cooling trend near the surface but, with increasing
elevation, there is a rapid transition to a non-signiﬁcant annual trend at
400m which remains non-signiﬁcant, albeit with a positive sign, to the
top of the studied proﬁle at 6000m (Fig. 9). However, this non-sig-
niﬁcant annual trend masks asymmetric seasonal trends, which suggest
winter and spring cooling, and indicate signiﬁcant warming in summer
and autumn up to 4000m elevation (Fig. 9b–e). There is signiﬁcant
cooling below 800m in winter, but signiﬁcant warming (p < .1) trends
occur in summer between 300–2500m, and in autumn between
400–4000m, with a maximum of +0.25 °C decade−1 at 3400m.
3.2. Relationship of annual temperature variability to climate indices
At decadal timescales, following a marked shift to positive values in
1976, the IPO returned to negative values in the late 1990s and, al-
though IPO values recovered slightly in the 2000s, they have remained
at moderately low negative values in recent years (Fig. 10a). Over the
same period, the AAO has increased from negative to positive values.
The sea surface temperature in Valparaiso (Fig. 10b) shows high in-
terannual variability, but broadly matches the pattern of the IPO,
marked by the change to colder temperatures after 1999. However, in
2015 the sea surface temperature experienced a dramatic increase to
positive anomalies.
Fig. 7. Minimum temperature trends per season
between 1979 and 2015. Signiﬁcant warming
trends are shown with red up pointing triangles,
and cooling trends are shown with blue down
pointing triangles non-signiﬁcant trends are iden-
tiﬁed by black dots. (For interpretation of the re-
ferences to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)
F. Burger et al. Global and Planetary Change 162 (2018) 136–147
142
Mean annual temperatures at coastal stations show positive corre-
lations with the IPO, while inland sites show non-signiﬁcant correla-
tions with the IPO, except at two western valley locations in the north
of the region (Fig. 11). The inﬂuence of the AAO is most noticeable in
autumn, where all valley and Andes stations east of the Santiago Me-
tropolitan region, and Curicó to the south, show signiﬁcant correlations
in maximum temperature with the AAO index (Fig. 11b). This contrasts
with non-signiﬁcant correlations of maximum temperature and AAO in
Santiago and western valley locations, and the signiﬁcant negative
correlation with the AAO at La Serena. Coastal tropospheric tempera-
tures at 2400 and 4000m a.s.l. also show positive correlations with
AAO during autumn and in annual temperatures at 2400m (Table 2).
These results show a transition from the inﬂuence of the IPO near the
coast, to the inﬂuence of the AAO at sites more distant from the coast in
the valley and Andes, or above the inversion layer (coastal radiosonde
at 2400 and 4000m a.s.l.).
4. Discussion
4.1. Geographical and elevational variation in temperature trends
Mean annual temperature trends between 1979 and 2015 show a
west-east transition from signiﬁcant warming at inland sites, to non-
signiﬁcant trends or cooling at the coastal stations, most noticeably in
maximum temperatures. This is consistent with earlier ﬁndings of
(Falvey and Garreaud, 2009; Vuille et al., 2015). Coastal sites show
signiﬁcant positive correlations between mean annual temperature and
the IPO. These results concur with Vuille et al. (2015), who found that
coastal temperature series exhibit a strong congruence with the IPO and
coastal sea surface temperature.
Further to these previous ﬁndings, we identify that the Paciﬁc
maritime inﬂuence weakens inland, and interannual and interdecadal
temperature variations in the valley and Andes are independent of the
IPO index and show instead a positive correlation with the AAO in
autumn (Fig. 11). This suggests that the impact of cold phase of the IPO
since the late 1990s has been restricted to the coastal zone directly
inﬂuenced by the Paciﬁc Ocean at elevations below the inversion layer
(Aceituno et al., 1993; Rutllant et al., 1995). Hence, the slowing, or
reversing, of warming trends over most of central Chile since 1979 did
not occur at inland valley sites or Andes, which continued warming in
this period. We identify no clear diﬀerence between annual warming
trends in valley sites at around 500m a.s.l. and Andes sites over 2400m
a.s.l. This contrasts with global trends which typically show warming
rates increasing with elevation (Pepin et al., 2015).
The increase in daily temperature range at inland sites, resulting
from maximum temperatures increasing faster than minimum tem-
peratures, contrasts with some earlier work (Carrasco et al., 2005;
Rosenblüth et al., 1997), who found that minimum temperature was
rising quicker than the maximum temperature for the period
1960–1992 in central Chile. In contrast, La Serena on the coast shows
convergence of maximum and minimum temperatures, resulting in a
decreased daily temperature range.
The mechanism for these contrasting trends between coast and in-
land is unclear, but is likely to be related to the strength of Southeast
Paciﬁc Anticyclone (SEPA) since 1990 (Schneider et al., 2017; Valdés-
Pineda et al., 2015a, 2015b), which promotes oceanic upwelling along
the coast leading to reduced SST and coastal cooling (Kushnir et al.,
2002; SenGupta and England, 2006) (Fig. 10b). Furthermore,
strengthening of the SEPA in the negative IPO phase, enhances ocean
upwelling oﬀ the coast of Chile (Garreaud and Falvey, 2009), stimu-
lating oﬀshore cooling due to cold air advection (Kushnir et al., 2002;
SenGupta and England, 2006). An exception to this pattern is the Me-
tropolitan Santiago region, which shows increasing trends of minimum
temperature, which may well indicate a growing urban microclimate
eﬀect. The strength of the SEPA since 2000 has been linked to the re-
cent expansion of the Hadley cell (Choi et al., 2014; Min and Son,
2013), itself a consequence of changes in greenhouse gases, aerosols
and stratospheric ozone (Gillett et al., 2013; Min and Son, 2013).
The hiatus in warming since the end of the 1990s, identiﬁed at the
same valley and coast sites by Falvey and Garreaud (2009), appears to
have ended with all sites all showing strong warming in the past
8 years, consistent with the recent increase of the SST (Figs. 10b and 4).
This return to a warming trend is consistent with an increase in the IPO
away from strongly negative values in the early 2000s (Fig. 10a).
4.2. Seasonal contrasts in temperature trends
Seasonal warming is strongest and most widespread in autumn at
valley and Andes stations, with maximum temperatures showing par-
ticularly strong trends (Fig. 6). Positive trends are also quite widespread
in spring and summer.
The radiosonde proﬁle also shows a signiﬁcant negative trend in
winter mean temperature below 300m a.s.l., which contrasts with non-
signiﬁcant trends in station data at the same elevations, most likely due
to boundary layer inﬂuences (Pepin and Seidel, 2005).
A probable explanation for the contrast between non-signiﬁcant or
cooling trends in winter and warming in other seasons is the decrease of
the cyclonic activity in the storm track corridor under the inﬂuence of a
strong SEPA since the late 1990s (Boisier et al., 2015; Schneider et al.,
2017; Valdés-Pineda et al., 2015a, 2015b). A greater inﬂuence from the
migratory anticyclone in central Chile produces more subsidence and
increases the temperature in the valley and Andes due to adiabatic
warming in spring, summer and autumn (Brock et al., 2012; Montecinos
et al., 2017; Rutllant and Garreaud, 2004). Under the same scenario
incursion of cooler, southerly air masses around the eastern side of the
Fig. 8. a) Time series of temperature anomalies derived from radiosonde data at
Quintero/Santo Domingo at 2400m (blue line), and 4000m (green line) and at El Yeso
station at 2475m, between 1979 and 2015, anomalies are relative to the 1979–2010
period. (b) Annual 0 °C isotherm altitudes (blue line) derived from the Quintero/Santo
Domingo radiosonde for the period 1958–2015 and the same data with an exponential
ﬁlter applied within that period (red line); dashed lines indicate the trends between1958
and 1976 and 1978 and 2015. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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SEPA, combined with lower cloud cover in winter, would enhance ra-
diative cooling, particularly at night.
The strength of autumn warming inland is notable, particularly in
the Andes (Figs. 5, 6 and 7) where a signiﬁcant positive correlation
between autumn temperature and the AAO index is identiﬁed. Hall and
Visbeck (2002) have shown that during the positive phase of the AAO
there is an increase of the westerlies around 60°S and subsidence
throughout the mid and lower atmosphere north of 55° promoting
adiabatic warming. It has been simulated that the decline of the aero-
sols and increase of greenhouse gases might be forcing the increase of
the AAO and widening of the SEPA (Fyfe et al., 1999; Rotstayn, 2013),
in turn aﬀecting the temperatures in central Chile. A potential addi-
tional mechanism for late summer and autumn warming is due to po-
sitive feedbacks associated with reduced soil moisture and snow cover
in the Andes leading to a lower evaporative energy ﬂux and reduced
local albedo (Rangwala and Miller, 2012).
The identiﬁed seasonal temperature trends in the Andes infer a
strong negative impact on glacier mass balance, mainly through ex-
tending the ablation season length due to strong warming trends in the
autumn, and also signiﬁcant warming in spring. Recently, Masiokas
et al. (2009, 2016) suggested that more research was needed to identify
the climatic forcing behind glacier shrinkage in Central Andes of Chile
and Argentina. The autumn seasonal trend, which shows a correlation
with the positive phase of the AAO, helps to explain the dramatic re-
gional glacier retreat recorded in recent decades despite moderate or
weak mean annual and summer climatic warming signals (Bown et al.,
2008; Bown and Rivera, 2007; Malmros et al., 2016; Masiokas et al.,
2006, 2016; Rivera et al., 2002).
Fig. 9. Vertical proﬁles of temperature trends from the
Quintero/Santo Domingo radiosonde for the period
1979–2015 for a) annual temperature and b–e) diﬀerent
seasons. The solid black lines represent the radiosonde
trends at 100m intervals and the shaded region indicates
the 90% conﬁdence interval.
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5. Conclusions
In this study, we have investigated trends in temperature for the
period 1979 to 2015 in the populous 30–35° S region of central Chile
using data from 18 surface stations and one radiosonde site. The main
aims were to examine variations in climate trends between: a) diﬀerent
seasons and b) diﬀerent geographical zones, in order to improve un-
derstanding of regional climate change, its likely impacts, and its dri-
vers, in particular the inﬂuence of regional Paciﬁc Ocean-atmosphere
circulation and Antarctic Oscillation. Our main conclusions are:
- As with previous studies, we identify a contrast between signiﬁcant
warming trends at inland sites and stationary or signiﬁcant cooling
trends at sites on the coast over recent decades. In central Chile,
such stationarity and cooling is restricted to a narrow coastal strip,
with a signiﬁcant warming trend identiﬁed within 40 km of the
coast.
- Notably, the regional cooling trend between 1979 and 2006 asso-
ciated with the negative phase of the IPO identiﬁed by Garreaud and
Falvey (2009) appears to have ended, with all sites showing
warming to positive anomalies in the last 5 years, consistent with a
marked rise in sea surface temperature at Valparaiso in 2015, and
increase in the IPO index.
- Signiﬁcant warming trends at inland sites are widespread in spring,
summer and autumn, but there are few signiﬁcant trends identiﬁed
in winter. This ﬁnding, together with general divergence of max-
imum and minimum temperatures away from the coast (except
under the inﬂuence of the urban microclimate of Metropolitan
Santiago) might be explained by the strength of the South-East
Paciﬁc Anticyclone in the past 2 decades.
- Annual temperature variations are signiﬁcantly positively correlated
with the IPO index at coastal and two western valley locations, but
correlation of annual temperature with the IPO index is non-sig-
niﬁcant at all other valley and Andes sites. This indicates a strong
Paciﬁc modulation of the anthropogenic warming signal on the
coast which decreases in inﬂuence inland. Instead, the current po-
sitive phase of the AAO appears to inﬂuence temperatures in eastern
valley and Andes sites, and at tropospheric elevations above the
inversion layer, with widespread correlation of maximum tem-
perature and AAO in the autumn.
- -The seasonal analysis conducted in this study has provided valuable
insights into contrasting climatic trends in a relatively small
Fig. 10. (a) 11 years moving average ﬁltered annual IPO (red line) and AAO (black line))
indices for the period 1970–2015. (b) Monthly Sea Surface temperature anomalies (SST)
in Valparaiso 1970–2016 (blue bars) and a 5month moving average ﬁltered SST (red
line). (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
Annual IPO Autumn AAO
Fig. 11. Correlation between annual mean temperature and annual IPO (left panel) and correlation between maximum temperature in autumn and autumn AAO. Signiﬁcance correlations
(95% signiﬁcant level) are shown as coloured circles. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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geographical area. Further analyses of the seasonal changes of the
AAO would help to understand further its inﬂuences on atmospheric
circulation and seasonal temperature changes in central Chile, in
particular in the high Andes.
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